Introduction
Risk of bleeding from intracranial aneurysms varies depending on their initial size, location, positive history of subarachnoid hemorrhage (SAH) and irregularity of the sack [1] [2] [3] . The lowest risk was found for small, regular aneurysms located in the anterior circulation, especially in the cavernous segment of the internal carotid artery (ICA) and bifurcation of the middle cerebral artery (MCA) [2, 3] .
Rupture of intracranial aneurysm causes SAH, presenting high morbidity and fatality [4, 5] . Preventive treatment is possible but the risk-benefit for Changes of size and shape of small, unruptured intracranial aneurysms in repeated computed tomography angiography studies each case should be weighed [6] [7] [8] [9] . For very small aneurysms, even in the posterior circulation, in most cases this factor does not justify any type of treatment. These patients are followed with non-invasive imaging techniques such as computed tomography angiography (CTA) or magnetic resonance angiography (MRA). The aim of this strategy is to detect an aneurysm growth, which was identified by researchers as a sign of dome instability and a factor increasing risk of rupture [2, [10] [11] [12] .
Although this type of observation is widely practiced, there are many important questions about it. The optimal interval between studies is not estimated. There are many strategies of measurement and detection of aneurysm growth [13] [14] [15] [16] [17] [18] . Other than initial aneurysm volume [13, 19, 20] and daughter sac formation [13, 21, 22] risk factors for aneurysm growth and rupture are not defined or confirmed. Effectiveness of this method in preventing SAH is unknown.
In this study we present our experience, strategy, improvements of measurement methods and conclusions from almost 7 years of observation of small, unruptured aneurysms in our institution.
Aim
The aim of the study was to assess changes of small (less than 7 mm in maximal diameter), unruptured aneurysms' dome shape and size during follow-up with CTA studies as predictors of their growth and rupture.
Material and methods

Methods
Patients of the Department of Neurosurgery being observed because of small, unruptured intracranial aneurysms were reviewed. Individuals who have had done at least two, good quality CTA studies in interval of at least 100 days were selected. Available studies were retrieved from Department of Radiology PACS system and stored in international DICOM format on local server for analysis.
Measurements were performed using dedicated application designed and written by one of our team members. The application presented three-dimensional (3D) data in four, independent viewports as reformatted images. In case of difficult anatomy, there was also a possibility to present anatomical structures as 3D models utilizing marching cubes algorithm. Two dedicated measuring tools were implemented: one for dome and one for neck measurements. Both tools allow for strictly perpendicular measurements of 3 dimensions of the dome and 2 of the neck.
Height of the aneurysm was posited as a line perpendicular to vessel axis at the level of aneurysm neck. In case of highly inclined and elongated dome we posited height as the longest line connecting center of neck with the dome surface.
The neck was measured in a plane tangential to the parent vessel at the level of aneurysm neck. For aneurysms with shape close to hemisphere this plane was placed as close to vessel wall as possible. For aneurysms of ellipsoid-like shape the plane was placed in the narrowest section of the base of the dome.
Each aneurysm was assessed in the first and last available study at least twice by one observer. For each round of measurements each aneurysm was measured in the first and last study in one session. The interval between each round of measurements was about 4 weeks. Collected data were semiautomatically linked with the patient, aneurysm and study in the database. After linkage data were automatically stored in the database (PostgreSQL 9.2 engine).
For aneurysms which ruptured during the period of observation, additional measurements were performed for all available studies in order to perform a detailed analysis of their size changes in time.
Calculations of the volume of the aneurysms were based on the equation of spheroid volume (equation 1).
Average dome diameter (W) and average neck diameter (N) were calculated as the geometric mean of two perpendicular measurements (equation 2).
Calculation of average volume, height, dome and neck diameter and also standard deviation for each measured dimension for each study were done by database logics.
For each selected patient medical data concerning hypertension, smoking, autosomal dominant polycystic kidney disease (ADPKD), family history of aneurysms, previous SAH and other aneurysms' treatment were collected and stored in the database.
Data from the database were extracted in three separate SQL queries first for all aneurysms, second for patients' medical and demographic data and third for aneurysms ruptured during follow-up. Further calculations were done in MS Excel (Microsoft). For each aneurysm geometric parameters such as aspect ratio (AR), bottle neck ratio (BN) and height to average width ratio (HW) (Figure 1 ) and also change of volume (dV), height (dH) and average dome width (dW) between the first and last study were calculated as well as the speed of their change (respectively: dV/dT, dH/dT and dW/dT) as a base unit per day. The relative parameter of percentage of initial volume change (%dV) and its speed of change per day was calculated (%dV/dT). The aneurysms were divided into groups depending on the change of dimensions (separately for each dV, dH and dW). We assumed that H and W values change significantly in observation if the absolute difference between the first and the last study is greater than the sum of confidence intervals (CIs) with a = 0.99 for measurements for each study but not less than the voxel size of the CT scanner, which was 0.625 mm (signDH and signDW, equation 3) .
For V analysis the sum of CIs from the first and last study (CI V ), with a = 0.99, was calculated. After that, relying on calculated CIs for H and W, aneurysm volume for significant change of H (scV H ) and W (scV W ) were calculated using equations 4a and 4b.
The maximal value of scV was selected (equation 5) and minimal, absolute DV was calculated (minDV, equation 6).
Significant DV was calculated as the maximum of minDV and CI V (equation 7).
As for H and W analysis, if the condition of significant value change was not met, we assumed that values did not differ significantly and that the analyzed parameter was stable over the period of observation.
Statistical analysis
The final step of the statistical analysis was performed in Statistica version 10 (StatSoft Inc., Tulsa, OK, USA). Before each step of statistical analysis requiring normal distribution of analyzed parameters, this distribution was tested with the Lilliefors test. The null hypothesis that the distribution is not normal was excluded in all cases with 0.95 significance.
Material
Computed tomography angiography studies were performed between August 2006 and December 2013 on a GE LightSpeed 16 CT scanner in the Department of Radiology. Contrast medium (iomeprol-400) was administered intravenously in a volume of 60 ml with injection speed of 6 ml/s with a pre-and post-injection bolus of 0.9% saline solution (10 ml and 20 ml respectively) at the same speed of infusion. Scanning start was triggered automatically with the region of interest (ROI) placed in the ascending aorta.
Seventy patients (55 females) aged from 36.2 to 79.2 years, average 57.83 years (male: average 57.55 years, female: average 58.85 years) were included in the study. Twenty-two (31.4%) of the observed patients had previously SAH from another aneurysm. In this group 18 were female. All bleeding aneurysms were treated. Additionally, 20 patients underwent elective treatment of other aneurysm. In the previously treated group 32 individuals underwent neurosurgical treatment, 6 endovascular and 4 using both techniques.
Twenty (28.6%) patients had single aneurysms. The percentage of multiple aneurysms was higher in men than in women (80.0% vs. 69.1%) but the difference was not statistically significant (χ 2 = 0.4071). Generally accepted risk factors for aneurysm rupture in the analyzed group are presented in Table I .
One hundred and ten aneurysms were observed. Minimal time of the observation was 112 days, and maximal was 2429 days with an average of 1090.9 days. Average observation time was longer in women than in men (1148 days vs. 973 days). Cumulated time of observation was 333.32 aneurysm-years.
Distribution of observed aneurysms is presented in Table II .
Results
General characteristics of observed aneurysms
Results of the geometric analysis of observed aneurysms are presented in Table III . The aneurysms were mainly small, hemisphere-like aneurysms, less than 7 mm in the maximal dimension.
No statistically significant differences in size and shape between the male and female group (p ≥ 0.418) and anterior and posterior circulation aneurysms (p > 0.138) were found in t-tests.
Comparison of dome size parameters for distinct locations of aneurysms reveals that dome and neck width were highest for BA tip aneurysms. BA tip, ICA cave (C5), ICA ophthalmic (C6) and ICA posterior com- (Table IV) . Analysis of shape coefficients showed that ACA aneurysms in both proximal (A1) and distal (PeCA) locations and also ICA bifurcation aneurysms present the highest values of AR, BN and HW (Table V) .
General analysis of dome size changes
We found one aneurysm located on an ICA bifurcation which thrombosed completely. It was assigned to the group of aneurysms reducing their size but excluded from calculations concerning speed of dome size parameters' change in order to avoid underestimation of these parameters.
Twenty-three (20.9%) aneurysms significantly increased their volume. Ten (9.1%) aneurysms presented a significant increase of the H parameter and 14 (12.7%) a significant increase of the W dimension.
We compared the detection of dome growth between each assessment. The results are summarized in Table VI .
We observed that in comparison to other types of assessment, volume change analysis allows one to detect the highest percentage of significant aneurysm dome size increase in other types of assessment.
Variance analysis (ANOVA) between groups of aneurysms according to their size parameters' change, for each parameter separately did not reveal any significant differences in initial size or shape of aneurysms. Also multivariate regression analysis including accepted risk factors and dome size and shape initial parameters did not build any trusted model which could predict dome growth.
Annual risk of aneurysm volume increase in the presented group was estimated for 6.9%/year (23 cases during 333.32 total aneurysm-years of observation).
Analysis of dome size change for specific locations
The percentage of growing aneurysms varies between anterior and posterior circulation (Table VII) . None of the presented differences was statistically significant (χ 2 > 0.4). All parameters describing speed of dome size change were significantly higher for posterior circulation aneurysms (p < 0.0037, Table VIII ).
The basilar tip aneurysms present the highest coefficients of speed of dome size change compared to other locations. Average dV/dT for these aneurysms was 0.3355 mm 3 /day.
Time to significant dome size change analysis
Assuming constant speed of dome size change and CIs for a particular aneurysm, we calculated the expected time to dome size change for each grow- The same calculations were repeated for H and W assessment in the V increasing group. Results are presented in Table X .
These calculations revealed that relying only on the H analysis could delay detection of the same number of growing aneurysms more than four-fold for each percentile. The W analysis performs better, but also could cause a two-to-three-fold delay.
A comparison of time of detection of aneurysm growth using Kaplan-Meier graphs between the anterior and posterior circulation was not possible due to a low (n = 3) number of growing aneurysms in the posterior circulation. This analysis was performed using average values of eT and t-tests. Results are presented in Table XI. The results, especially for V assessment, were quite surprising for our team, considering the significant differences in speed of dome size changes. This paradox was solved in the analysis of confidence intervals, which shows accuracy of measurements for these groups separately. For each analyzed parameter these intervals were higher in the posterior circulation. For V analysis the factor of difference was close to 10.0 (!) and for H and W above 2.0.
Aneurysm bleeding during the time of observation
During the period of follow-up bleeding of three aneurysms was noted (ACoA, BA, ICA at PCoA). It comprised 2.7% of all observed aneurysms (n = 110). Within the cumulative follow-up period of 333.32 aneurysm-years the risk of bleeding was estimated at 0.9% per year per aneurysm.
In the ruptured group all aneurysms presented a significant increase of volume. Two of the ruptured aneurysms developed daughter sacs (ACoA and BA) visible in post-bleeding studies. No daughter sac formation or its presence was observed in the non-bleeding group.
The initial size parameters of ruptured aneurysms were slightly greater than the rest of the volume increasing group (n = 32), but these differences were not statistically significant. Dome shape parameters were similar for both groups (Table XII) .
Bleeding aneurysms grew significantly faster than the unruptured group (p ≤ 0.000065). Changes of AR, BN and HW coefficients and also their speed were higher in the bleeding group, and the differences were statistically significant for all parameters (p < 0.46), except dHW/dT (Table XIII) . Multivariate regression analysis of risk factors, aneurysm size and shape parameters and also their change did not produce a trusted model and did not reveal any other risk factors for aneurysm rupture.
For two of the three bleeding aneurysms there were intermediate CTA studies: one for ACoA aneurysm and three for ICA PCoA aneurysm.
Analysis of the obtained data showed that for ACoA aneurysm a significant and fast increase in volume was observed between all available studies. The speed of volume change was 0.08 mm 3 /day between the first and the second study and 0.31 mm 3 / day between the second and the third study.
For ICA-PCoA aneurysm we observed around 0.01 mm 3 /day increase in volume between the first and second study (dT = 263 days). After that time the volume remained stable for more than 3.5 years. Two years after that time and more than 4 years after the start of observation, between the last follow-up study and CTA performed after bleeding a significant increase in average speed of growth was observed up to 0.04 mm 3 /day. The analysis of maximum values of dV/dT, dH/ dT and dW/dT between the bleeding and non-bleeding groups of aneurysms showed that none of the non-bleeding aneurysms grew at a faster speed than 0.1 mm 3 /day in volume, 0.002 mm/day in H and 0.0034 mm/day in W. When analyzing the intermediate studies, all bleeding aneurysms at least in one pair of compared studies exceeded these limits.
Discussion
This is a single-center, retrospective study, which is a disadvantage.
The methods for assessment of significant aneurysm dome size changes proposed by our team are unique compared to previous studies concerning the problem of aneurysm growth. We decided to use this method because the accuracy of measurements of the dome of the aneurysm in any imaging study is a derivative of two independent accuracies. The first is the accuracy of the CTA study. It consists of scanner spatial resolution, type of reconstruction kernel, time of scanning (aneurysm size and orientation change during cardiac cycle) and also concentration and spatial distribution of contrast in the assessed vessels. The second is accuracy of the act of measurement, which depends on the used tools, abilities and experience of the person who performs it and also the specific configuration of the aneurysm and surrounding vessels.
Relying only on CTA study accuracy, for example in the present series, could lead to overestimation of significant dome size change for posterior circulation aneurysms. On the other hand, when the rule of CIs was the only one applied, the proportion of aneurysms changing size, especially reducing it, was very high, reaching 20% in V assessment. But when the CIs for these aneurysms were analyzed, we found that most of them had CIs close to 0.1 mm. This level of accuracy could be real for used measuring tools but definitely not for current CT scanners.
Our measuring method using two dedicated tools for dome and neck measurements performed very well; the average accuracy of measurement was close to 0.4 mm and for most of them it was below 0.625 mm. The main limitation of measurements was the accuracy of the CT scanner. On the other hand, it is worth mentioning that in 10 cases this accuracy was above 1 mm and for 2 above 3 mm. Almost all of these aneurysms had a poorly defined neck (ACoA, MCA bifurcation and BA bifurcation) or were situated close to the bone of the sella turcica or clivus.
These examples show the importance of assessment of the accuracy of measurements, especially in the case of difficult morphology of the dome and neck.
The annual risk of growth calculated for our series (6.9% per year), taking into account the analyzed subset of unruptured aneurysms (< 7 mm), is similar to the previous studies [13-18, 21, 22] in which the annual risk of growth for these aneurysms was estimated at between 2.55% [14] and 8.04% [21] .
The presented results provide evidence that the volume change assessment presents the highest percentage (> 90%) of detection of significant dome size change in H and W separately and also combined with the logical AND operator.
Despite the high percentage of patients with arterial hypertension, smoking and previous SAH history, we did not confirm that these factors increase the risk of aneurysm growth or rupture. Other factors also did not present a significant influence on any of the risks.
The influence of AR and other investigated dome shape coefficients on aneurysm growth and rupture, found in previous studies [12, 13] , is not evaluable in the presented material. This is due to the fact that most of the observed aneurysms in this study presented all coefficients very close to or below 1.0.
Our results confirmed different speed of dome size change between anterior and posterior circulation aneurysms [15, 18] . According to the assessment of accuracy of measurements, we found that despite these differences detection of significant growth in the posterior circulation does not happen significantly faster than in the anterior circulation.
Risk of bleeding estimated at 0.9% per year per aneurysm is in accordance with previously reported values [3] . The group of ruptured aneurysms presented significantly higher speed of dome growth than other growing aneurysms. This confirms previous results [23] . Significant differences in dome shape coefficients' change between both groups were also found. The fastest changing coefficient was AR. Transforming these data into geometry, bleeding aneurysms seems to elongate before rupture. This process could be partially due to daughter sac formation. Two of three bleeding aneurysms presented this feature. This observation is in accordance with previous results mentioning daughter sac formation among the most important risk factors of bleeding [13, 16, 24] . Unfortunately in the present series the formation of daughter sacs was visible only in post-bleeding studies so prevention of bleeding using this feature was not possible.
The detailed analysis of dome size change in consecutive studies for two of the bleeding aneurysms shows two different behaviors of the sac. In the first case we observed faster than average for growing group speed of volume increase. In the second case the sac showed growth between the first and second study. After that time a long period (about 3.5 years) of stability was observed. Finally we noticed a very fast increase in size, mostly due to daughter sac formation, in the last few months before rupture.
The presented results lead to the conclusion that assessment of speed of dome size parameters' change could be essential in prevention of rupture. These parameters should be evaluated each time between consecutive follow-up studies.
The next conclusion is that ascertainment of dome size stability for even a long period of time could not be a justification for prolongation of intervals between imaging studies.
The proper interval between imaging studies still cannot be estimated based on the presented results. What we have found is that 50% of increasing volume aneurysms could be identified in less than two and 75% in less than 3 years of observation. Estimation of the optimal interval between studies will require further analyses, at least assessment of the dome size and shape in all available studies.
Conclusions
Dome volume assessment proved to be superior in aneurysm size change detection compared to only height and width assessment.
For best possible accuracy, the size of the aneurysm dome and neck should be calculated from multiple measurements, optimally using dedicated tools. A growth detection threshold algorithm has to take into account not only the CT scanner spatial resolution but also accuracy of measurements (CIs), especially for posterior circulation aneurysms.
The two most important predictors of rupture are daughter sac formation and fast increase in size estimated for the analyzed population of aneurysms for: 0.1 mm 3 /day, 0.002 mm/day and 0.0034 mm/day respectively for V, H and W assessment. Speed of each dome size parameter change should be evaluated for each control.
Detection of daughter sac formation is a strong predictor of rupture and should lead to aneurysm treatment. In the first 3 years of observation we expect to detect up to 75% of volume increasing aneurysms.
Even a long period of dome stability is not justification for prolongation of the interval between follow-up studies or stopping observation.
